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This review article provides a brief survey of materials, structures and current state-of-the-art techniques used
to measure the charge conduction characteristics of single molecules. Single molecules have been found to
exhibit several unique functionalities including rectification, negative differential resistance and electrical bistable
switching, all which are necessary building blocks for the development and configuration of molecular devices
into circuits. Conjugated organic molecules have received considerable interest for their low fabrication cost,
three dimensional stacking and mechanical flexibility. Furthermore, the ability of molecules to self-assemble into
well-defined structures is imperative for the fabrication of molecular based circuits. The experimental current-
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The study of single molecule devices is of great interest to
the scientific community at large. In the past two decades nu-
merous advancements in manufacturing nanoscale materials
with atomic precision have enabled the synthesis/fabrication
of true molecular size devices. The ability to fabricate single
molecule size devices has opened the door to a wide range of
potential applications in diversified fields of modern quantum
electronics (1; 2).
The charge conduction process in a single molecule is not
merely a function of the intrinsic properties of a molecule, but
it is coupled with the type of metal contacts that is made to
that molecule. Therefore, the over-all charge transport mech-
anism is a complex function of the molecule, metal-molecule-
metal contact bond type, affinities, work function differences,
and the local environment. To explore a single molecules elec-
tronic functionality, a number of sophisticated tools have been
developed in the recent years that can make repeatable and re-
liable contacts with single molecules, under a variety of metal-
molecule-metal configurations.
In order to illustrate the impact of the electronic charge
states in the nanoscale regime, lets for example consider a
conventional planar metal-oxide-semiconductor (MOS) field
effect transistor with a gate oxide thickness of 5nm. If this
transistors gate has both width and length of 100nm, and
we apply a 1V on the gate, about 300 electrons would re-
side in the channel. A fluctuation of only 30 electrons would
give rise to voltage fluctuations of 0.1V . Now if we extend
this example, to the molecular regime, by considering a sin-
gle molecule device that is only a few nanometers in length
(smaller than the mean free path of an electronic charge) its
corresponding electronic spectrum would be quantized to a
few eV . Therefore, the key requirement towards develop-
ing single molecule electronic devices is greatly dependent
on ones ability to precisely fabricate them with atomic scale
precision and be able to measure the exact amount of charge
fluctuations. Furthermore, in order to accurately model the
mechanism of the charge transport process, the theoretical
models need to include all sources of electric and magnetic
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Figure 1. Energy band diagram of a D-π-A molecular junction. (a) under no 
bias condition and (b) under positive bias. Arrows in part (b) represent the 
electron transfer. (c) STM measurement of current-voltage characteristics 
(multiple scans) of a thin film of D-A supramolecule (D = CuPc, A = Rose 
Bengal). 
FIG. 1 (Color online) Energy band diagram of a D-π-A molecular
junction. (a) under no bias condition and (b) under positive bias.
Arrows in part (b) represent the electron transfer. (c) STM measure-
ment of current-voltage characteristics (multiple scans) of a thin film
of D-A supramolecule (D = CuPc, A = Rose Bengal).
fields that the molecule is subjected to, which may be part of
a chemical or biological system (1). Additionally, the study of
single molecule conductance enables one to extract informa-
tion about the chemical and electronic states of a molecule.
This information would be useful for further configuring the
single molecule into for chemical or biosensor device appli-
cations (2; 3). This article provides a survey of the materi-
als, structures and experimental techniques required to mea-
sure the current-voltage characteristics of a single molecule.
The experimental carrier conduction results are then presented
based on basic principles of carrier transport mechanisms.
II. BACKGROUND
Since Aviram and Ratner (4) predicted that theoretically
individual molecules could function as electronic devices,
tremendous research efforts have been put to investigate the
electrical conductivity of molecules connected with metallic
electrode contacts in the nanoscale regime (5–8). It was pos-
tulated by Aviram and Ratner that a molecule with D-σ-A
structure (D = donor, σ =sigma bridge, A = Acceptor) con-
fined between two metallic electrode contacts could act as an
rectifier provided the donor moiety has low ionization poten-
tial (I.P.) and the acceptor moiety has an high electron affinity
(E.A.) However, the first experimentally measured molecular
rectifier was found to have D-σ-A structure (9) instead of a D-
π-A configuration. The rectification properties can be easily
explained in terms of the energy band diagram of Figure 1.
Figure 1(a) depicts the thermal equilibrium Fermi level of
a molecular system with electrode contracts having energy
levels E1 and E2 respectively on each side. In this thermal
equilibrium (V = 0V ) the large energy barrier between the
molecule and metal contracts impedes electron transfer. How-
ever, under positive bias (V > 0V ), the energy level of con-
tact E2 can be raised to the acceptors Lowest Unoccupied
Molecular Orbital (LUMO) level. In this biased state, an elec-
tron from E2 (Figure 1(b), step 1) can now easily occupy the
LUMO level. Consequently, in order to conserve the charge
neutrality of the system, another electron would be kicked-
out the donors Highest Occupied Molecular Orbital (HOMO)
level to the opposite polarity electrode E1 (step 2). This would
yield a D+-π-A− configuration which is unstable. Therefore,
the molecule would need to relax to the ground state by trans-
ferring an electron through the π bridge from acceptor LUMO
to donor HOMO (step 3). In the opposite direction (reverse
bias condition) the whole charge conduction process would be
limited by the energy barrier configuration of the system, thus
resulting in a diode like behavior. Figure 1(c) shows the Scan-
ning Tunneling Microscope (STM) induced current-voltage
(I-V) characteristics of a monolayer of a donor (D) and accep-
tor (A) molecular thin film having a thickness of 5 − 6nm.
D-A supramolecule devices been fabricated on silicon (Si)
substrates via layer-by-layer (LbL) electrostatic assembly of a
monolayer of a donor, viz, Copper (II) phthalocyanine (CuPc),
and a monolayer of an acceptor, viz, fluorine dye (Rose Ben-
gal) in sequence (10). Because the LbL deposition relies on
the surface charge reversal during the electrostatic adsorption
of each layer, the deposition of one molecular layer or mono-
layer is also assured. Electron flow is favorable in one bias
direction while it is limited in the reverse direction in both D-
A and A-D assemblies. The rectification ratio (RR) obtained
in the CuPc-Rose Bengal molecular assembly at a bias of 1V
is about 7 and this result has been highly reproducible. The I-
V characteristics of the Si-substrate with Pr/Ir Scanning Tun-
neling Microscope (STM) tip was found to be symmetrical,
which eliminates the possibility of any Si-substrates parasitic
effects influencing the rectification process. It is also noted
that in case of A-D assembly, higher current is obtained in
a direction opposite to the D-A assembly when the polarity
of the electrodes is kept the same. The experimental results
fully support a true molecular property of the supramolecule,
intrinsic to the asymmetry of D-A or A-D assemblies.
Some other interesting properties that are exhibited by sin-
gle molecules are reversible redox switching (11), molecu-
lar switching (12), negative differential resistance (NDR) (13),
and single molecular electronic circuits (14). Also, the detec-
tion and manipulation of electronic spin in molecules have
yielded many novel applications in the newly growing field,
popularly known as molecular spintronics, where the mag-
netic state of the molecule can be translated into an electrical
effect (15–17). There are many properties of single molecule
devices that yet remain to be explored, such as what hap-
pens when relatively large voltage biases are applied to single
molecules, capable of causing significant deformation to their
molecular structure.
III. CHARGE TRANSPORT AND TUNNELING IN SINGLE
MOLECULE DEVICES
As the size of a molecular junction becomes smaller than
the mean free path of the electronic charged carrier, that is
comparable to the de Broglie wavelength, the carrier trans-
port process becomes ballistic and cannot be easily explained
using Ohms law. Since a molecule has large charge addition
energy and a quantized excitation spectrum, when a micro-
scale electrode is contacted with this molecule, it will have a
strong effect on the overall conductance process of this molec-
ular nanoscale junction. The observation of Coulomb block-
ade at low temperature in most single molecules corresponds
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Figure 2. Energy level diagram of a single molecule device. Discrete lines 
denote the empty energy levels of the molecule, while the solid lines (below 
µS and µD) indicate levels occupied by an electron. µS and µD represent 
respectively the Fermi levels of source and drain.  
FIG. 2 (Color online) Energy level diagram of a single molecule de-
vice. Discrete lines denote the empty energy levels of the molecule,
while the solid lines (below µS and µD) indicate levels occupied by
an electron. µS and µD represent respectively the Fermi levels of
source and drain.
to quantum excitations of the molecule and charge quantiza-
tion. This also has the implications that the thermal energy of
the electrons is significantly smaller than the Coulomb energy
e2/2C, where C is the total capacitance of the gate capac-
itor and the tunneling junctions. The junction conductance
is much less than the quantum conductance 2e2/h, where, h
is the Plancks constant. Thus, the quantum mechanical tun-
neling effect itself is considered to be weak enough to prevent
the charge delocalization of the tunneling electrons. When the
width of the molecular junction is less than the electrons mean
free path, the resistance of the conducting channel, which is
determined purely by quantum mechanical effects, is given in
terms of Landauer resistance (18) R = (h/2e2)(1 − T )/T ,
where, T is the transmission coefficient. For 100% transmis-
sion for all-metal nanogap (T = 1), and the resistance is found
to be quantized in units of h/2e2. (19; 20)
The tunneling effect is observed when the insulating bar-
rier is ∼ 1nm thick, i.e., a few atoms apart, and the transfer
of charge follows the sequential tunneling process. Figure 2
shows the energy level diagram of a single molecule device
with µS (source) and µD (drain) being the Fermi levels of the
two electrodes and V the applied bias between the two elec-
trodes satisfies the relation, i.e., µS − µD = eV . The discrete
lines above µS and µD reflect the empty energy levels of the
molecule, while the solid lines below µS and µD are occu-
pied by one electron. The molecule-metal electrode contact
is assumed to be opaque enough to serve as a tunnel barrier.
For sequential tunneling to take place, there must be a state
available between µS and µD, via which tunneling can occur.
This results in large current flow through the junction (on-
state). On the other hand, unavailability of electronic states
between µS and µD, leads to blocking of charges with only a
small current flow by direct tunneling process (off-state). The
quantized electronic structure of a molecule causing on- and
off-state, can be attributed to the charge addition energy and
the electronic excitation spectrum.
IV. SINGLE ELECTRON TRANSISTOR
CHARACTERISTICS
In order to explain the electron transport in a single
molecule device let us use the Single Electron Transistor
(SET) theory proposed initially by Kouwenhoven et al (21)
and was described in detail by J. Park (22). Figure 3(a) shows
the schematic representation of a SET device, where a quan-
tum dot is coupled to all three electrodes capacitively. Al-
though the tunnel barrier exists between the dot and all three
electrodes, the electron tunneling is allowed only between the
dot and source/drain electrodes. This also implies that an elec-
tron is either on the dot or one of the electrodes i.e. the number
of electrodes on the dot is well defined.
If doped molecules on a chain are coupled strongly, elec-
trons in this system can drift through a band-transport mech-
anism. However, the randomly-distributed impurities and lat-
tice vibrations are still expected to introduce significant scat-
tering on their way. If the length of a molecular chain be-
comes shorter than the mean-free-path of electrons, on the
other hand, the electron motion can be ballistic with a quan-
tized conductance.
A. Coulomb Blockade Effects
Figure 3(b) shows a family of I-V characteristics of a sin-
gle electron transistor device fabricated from C140 molecule
at different gate voltages (VG). The results were obtained by
J. Park (22). At low bias voltages, flow of electrons is lim-
ited/blocked (Coulomb Blockade) because of unavailability of
sufficient energy of electrons to overcome the barrier energy
in order to tunnel through the C140 molecule. An estimation
of the source-drain voltage (VDS) required to enable tunnel-
ing via the lowest-energy state of the molecule can be done
from the two-dimensional plots of differential conductance
(dI/dV ) as a function of VDS and VG. However, an electron
can tunnel through the barrier at very low source-drain bias,
near VDS = 0 for a specific value of gate voltage, VG = VC ,
where the charge states are degenerate (Coulomb Oscillation).
This value of VG is different for different devices/molecules
because of differences in the local electrostatic environment.
Therefore, we can make sure that as long as the measurements
are performed sufficiently close to VG = VC , current flows
only through a single molecule.
The electrostatic potential µN+1 of the dot [refer to Figure
3(a)] is given by µN+1 = U(N + 1) − U(N), where U(N)
and U(N + 1) denote, respectively, the total energy for a dot


















Figure 3. (a) Schematic of a single electron transistor device with Allowed 
tunnel barrier between the small dot and source/drain electrodes. (b) I-V 
characteristics from a C140 single electron transistor. VG increases in steps of 
0.04 V from gray (0.23V) to blue curve. Inset: the Coulomb oscillation curve 
from the same device. (Adapted from reference 79). 
FIG. 3 (Color online) (a) Schematic of a single electron transis-
tor device with allowed tunnel barrier between the small dot and
source/drain electrodes. (b) I-V characteristics from a C140 sin-
gle electron transistor. VG in rease in steps of 0.04V from gray
(0.23V ) to blue curve. Inset: the Coulomb oscillation curve from
the same device. (Adapted from Ref. 23).
where Ei is the kinetic energy of the ith electron in the dot,
C denotes the total capacitance of the gate capacitor and the
tunneling junction, and (Ne)2/2C = Q2/2C with Q = Ne
being the total charge in the dot. Since µN+1 is the minimum
energy required for adding the N th electron, it will be added
to the dot as long as µN+1 is below both µS and µD. In a
similar way, addition of one extra electron to a dot having N
electrons is possible whenever the electrochemical potential
satisfies µN+1 = µN + e2/C + ∆E, where ∆E = EN+1 −
EN is lower than both µS and µD. Thus, the N + 1 electron
should have energy larger than the one for N th electron by
e2/C + ∆E. The first term e2/C = Ec, representing the
energy required to overcome the Coulomb repulsion among
different electrons, is called charging energy and the second
term ∆E is the result of quantized electron energy levels of
the dot.
For the case with µN+1 > µS , µD > µN (case 1), all
the levels below µN represent filled levels, while those above
µN+1 are empty. The lowest unoccupied level µN+1 cannot
be occupied by electrons since it is above the Fermi levels of
both electrodes. Therefore the current is “blocked” due to the
charge addition energy and the dot is stable with N electrons.
In another case with µD > µN+1 > µS (case 2), the N + 1th
electron can be added from the drain and then it can flow to
the source electrode, thus allowing electric current to flow by
constantly switching the charge state of the dot between N
and N + 1. As the gate voltage VG is increased, the elec-
trochemical potential of the dot changes linearly with VG and
this allows one to change the number of electrons on the dot.
The conductance (G) as a function of VG at low bias is illus-
trated in Figure 4 and shows a series of peak (on-state) as well
as valleys of low conductance (off-state). In the valleys, the
number of electronics on the dot is fixed (N, N + 1, N + 2
and so on) and the current is blocked by the charge addition
energy e2/C + ∆E (case 1). The peaks in the conductance
curve (case 2), known as Coulomb oscillations, indicate that
the dot carrying current by oscillating between two adjacent
charge states. However, the thermal energy should be ensured
small enough to produce Coulomb oscillations, i.e.,
e2/C + ∆E  kBT . (2)
For large thermal fluctuations, the Coulomb oscillations will
disappear. Secondly, the contact resistance between the dot
and two leads need to be larger than the resistance of a single
conductance channel, that is,
Rcontact  h/e2 ∼ 25.81 kΩ . (3)
Many different systems exhibit single electron transport be-
havior, which include metallic nanoparticles (24), single-
molecule transistors incorporating trimetal molecules (25),
carbon nanotubes (26; 27), semiconducting nanocrystals (28)
and single molecules (29; 30).
By including the coupling λc of a quantum dot to two elec-
trodes, Eq. (1) is modified to (31)
µN+1 = EN+1 +
(N + 1/2)e2
C
+ λc ρL , (4)
where ρL is the average linear electron density of one-
dimensional electrodes. Here, the resonant levels {µN+1}
will depend on the electrode chemical potential µ0 only






≡ λc g1D(µ0) . (5)
By choosing the bottom of the electronic energy dispersion
as the energy reference point, then the gate potential eVg can
be regarded as the difference δµ0 between the fixed chemi-
cal potential of the conductive substrate and µ0. Therefore,
we can set δµ0 = γe δVg , where γ < 1 is a ratio parameter
determined by the self-consistent calculation.
Let νN be the value of the electrode chemical potential
which is in resonance with the level µN of the quantum dot.
Then we obtain the self-consistent equation νN = µN (νN ),
and the period of VG (or µ0) in the conductance oscillations
will be given by




−ρL(νN )] = ∆E +
e2
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≡ ∆E + e
2/C
K(µ0)
= γe δVG (7)
with K(µ0) = 1 − λc g1D(µ0) being the screening factor to
the charge addition energy by coupling with one-dimensional
electron gases. Here, the coupling constant λc of the quantum

















where L0 and W0 are associated with the gate length and the
chain width, respectively, and εeff is the effective dielectric
constant of the quantum dot. From this we know that C0 is
just the bare dot capacitance and roughly proportional to L0
and weakly depends on the chain width as is expected.
For a non-interacting one-dimensional electron gas, the











where m∗ is the effective mass of the electrons, and εj is
the bottom of the jth subband. Since δg1D(µ0)/g1D(µ0) =
δVG/[2(VG − Vth)], we can approximate g1D(µ0) as a con-
stant in a range much smaller than VG − Vth, where Vth is
the threshold gate voltage, related to the bottom of the lowest
subband energy dispersion. Furthermore, from Eqs. (5) and
(7) we can get
∂µN+1(µ0)
∂µ0
= λc g1D(µ0) = 1−K(µ0) . (10)
Finally, for finite temperatures T > 0, by assuming that the
observed conductance peaks can be attributed to the many-
body resonant tunneling mechanism (32) through the resonant
levels {µN}, we can write down the conductance G with the
help of Landauer-type formula (33)












where AN (µ0, T ), which is proportional to λc, represents the
effective transmission coefficient through the N th resonant
level, and we have assumed a Fermi-Dirac distribution for the
one-dimensional electron gas, the assumption also used for
fitting experimental data in Ref. [34].
B. Ballistic Transport
Whenever the mean-free-path of electrons becomes shorter
than the reduced molecular-chain length, they will enter into a
quantum-ballistic regime. In this case, the ballistic heat (Q(1))
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Figure 4. Conductance (G) versus gate bias (VG) curves displaying Coulomb 
oscillation. The numbers (N-1, N, N+1,… etc) in each conductance valley 
represents number of electrons on the dot. 
FIG. 4 (Color online) Conductance (G) versus gate bias (VG) curves
displaying Coulomb oscillation. The numbers (N − 1, N, N +
1, · · · , etc) in each conductanc valley represents number of elec-
tr ns on the dot.
where ` = 0, 1, L is the channel length, µ̄ is the chemical
potential in the channel, and θ(x) is the unit step function. In
Eq. (12), n is the sublevel index, k is the wave number of a
band, εnk = (n+ 1/2)~Ωx + ~2k2/2m∗∗ represents the nth
energy band, Ωx = (ω2x + ω
2
c )
1/2, ~ωx is the sublevel sepa-
ration in a harmonic-potential model. ωc = eB/m∗, m∗∗ =
m∗/[1−(ωc/Ωx)2],m∗ is the effective mass,B is the applied
magnetic field perpendicular to the chain, vnk = ∂εnk/∂~k
is the group velocity, and f (0)nk,α is the Fermi-Dirac distribu-
tion function for the two-dimensional electrodes on the left
(α = L) and the right (α = R) side, with the chemical po-
tential µα. The physical meaning of Eq. (12) is self-evident.










dk |vnk|(εnk − µ̄)`(f (0)nk,L − f
(0)
nk,R) . (13)
Using µL + eV = µR ≡ µ, f (0)nk,L − f
(0)
nk,R = eV f
(0)′
nk , and
µ̄ → µ = µL = µR in the limit V → 0, where V is the

























where the lower limit equals the energy εn,k=0 at k = 0. In
Eq. (14), the energy integration over the range 0 < k < ∞
is chopped into the sum of the integrations between the suc-
cessive extremum points εn,km , where εn,k is assumed to be a
6
monotonic function of k and εn,k∗ is the last extremum (min-
imum) point. Each integration can be carried out analytically











Cn,γ [β(εn,γ − µ)
×f (0)(εn,γ) + ln(eβ(µ−εn,γ) + 1)
]
, (15)








Here, γ-summation indicates summing over all the energy-
extremum points on each curve n (−∞ < k < ∞). The
quantity εn,γ is the extremum energy. For a given curve n,
Cn,γ = 1 for a local energy minimum point and Cn,γ = −1
for a local energy maximum point. The quantity F equals the
number of the pairs of the Fermi points at T = 0 and is related
to the conductance G by G = 2e2F/h.
The TEP is quantized at T = 0 K as S =
−(kB/e) ln 2/[G/(2e2/h)] in general at the energy-
extremum points µ = εn,γ in Eq. (27), where
G = (2e2/h)(i + 1/2) is the zero-temperature quantized
ballistic conductance with i = 1, 2, · · · .
We note that m∗∗ becomes heavier as B increases, leading
to a large density of states. As a result, the sublevels become
depopulated successively for increasing B. Figure 5 shows G
and S of a conducting molecular chain obtained from Eq. (27)
for two temperatures as a function of B when several levels
are occupied at B = 0. The parameter ~ωx and the electron
density n1D are given in the inset. The TEP is very small
when µ lies away from the edges of the sublevels because the
contributions to the heat current Q(1) in Eq. (14) from above
µ (εnk > µ) cancels those from below µ (εnk < µ). This
cancellation does not occur when µ is within the thermal en-
ergy kBT of the sublevel edges, yielding spikes for the TEP
just before a level is depopulated at the knees of the quantum
steps of G. These spikes broaden as T is raised. This behav-
ior is similar to the density dependence of the field-free TEP
studied earlier (36).
C. Surface-Plasmon Coupling
For photo-excited spin-degenerated electrons in a quan-
tum dot, the semiconductor Bloch equations (37) with ` =





























































































FIG. 5 Ballistic (a) G and (b) S for two temperatures in a single
chain with four sublevels occupied initially at B = 0. Here, we set
m∗ = 0.067me with free-electron mass me. Other parameters are






− δ`,1Rsp ne1 nh1 , (17)
whereRsp is the spontaneous emission rate and ne` represents
the electron level population. In Eq. (17), the term marked
‘rel’ is the non-radiative energy relaxation (38) for ne`, and the
Y j` , Meh`,j , and V eh`,j;j,` terms are given later in this subsec-
tion. Similarly, for spin-degenerate holes in a quantum dot,
























− δj,1Rsp ne1 nh1 , (18)
where nhj stands for the hole energy level population. Again,
the non-radiative energy relaxation for nhj is incorporated in
Eq. (18). Finally, for spin-averaged e-h plasmas, the induced
interband optical coherence, which is introduced in Eqs. (17)

























































where ~γ0 = ~γeh + ~γext is the total energy-level broad-
ening due to both the finite carrier lifetime and the loss of an
external evanescent field, ω is the frequency of the external
field, and εe`(ω) and ε
h
j (ω) are the kinetic energies of dressed
single electrons and holes, respectively. (37) In Eq. (19), the
diagonal dephasing (γ0) of Y
j
` , the renormalization of inter-
band Rabi coupling (Y j` V
eh
`,j;j,`), the renormalization of elec-
tron and hole energies (third and fourth terms on the right-
hand side), as well as the exciton binding energy, are all taken
into consideration.
The steady-state solution to Eq. (19), i.e. under the condi-
tion of dY j` /dt = 0, is found to be
Y j` (t|ω) =
[
1− ne`(t)− nhj (t)





where the photon and Coulomb renormalized interband
energy-level separation ~Ωeh`,j(ω|t) is given by






























The Coulomb interaction matrix elements introduced in
Eqs.(17), (18) and (19) are calculated as



















where V0 = e2/8π2ε0εb, the two dimensionless form factors,
Fe`,`′(q‖) and Fhj,j′(q‖), are introduced in Eqs. (22)-(24) for
electrons and holes due to quantum confinement by a disk-
like quantum dot. In addition, the matrix elements employed
in Eqs. (17), (18) and (19) for the Rabi coupling between
photo-excited carriers and an evanescent electromagnetic field
E(r; t) = θ(t)E(r; ω) e−iωt are given by





where θ(x) is a unit step function, dc,v is static interband











with ψe`(r) and ψ
h
j (r) being the electron and hole wave func-
tions, respectively, in the quantum dot.
Using the Green’s function (39) Gµν(r, r′; ω), we can con-
vert the Maxwell equation into a three-dimensional integral
equation for µ, ν = 1, 2, 3









d3r′ Gµν(r, r′; ω)P locν (r′; ω) , (27)
where E(0)µ (r; ω) is an incident surface-plasmon (SP) field.
The photo-induced interband optical polarization P loc(r; ω),
which is related to the induced interband optical coherence,
by dressed electrons in the quantum dot is given by (40)

















where êd is the unit vector of the dipole moment and the pro-
file function |ξ(r)|2 comes from the confinement of a quantum
dot.
Figure 6 presents the quantum dot absorption coefficient
β0(ωsp) for a surface-plasmon field, the scattered field |Etot−
Esp| of the SP field, and the energy-level occupations for elec-
trons n`,e and holes nj,h with `, j = 1, 2 as functions of
frequency detuning ∆~ωsp ≡ ~ωsp − (EG + ε1,e + ε1,h).
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A dip is observed at resonance ∆~ωsp = 0 in the upper-
left panel, which appears to become deeper with decreasing
amplitude Esp of the SP field in the strong-coupling regime
due to a decrease in the saturated absorption. However, this
dip completely disappears when Esp drops to 25 kV/cm in the
weak-coupling regime due to the suppression of the photon-
dressing effect, which is accompanied by an order of mag-
nitude increase in the absorption-peak strength. The dip in
the upper-left panel corresponds to a peak in the scattered
field, as can be seen from the upper-right panel of Fig. 6.
The scattered field increases with frequency detuning away
from resonance, corresponding to the decreasing absorption.
As a result, a minimum appears on each side of the reso-
nance in the scattered field in the strong-coupling regime. The
Maxwell-Bloch equations couple the field dynamics outside
of a quantum dot with the electron dynamics inside the dot.
At Esp = 125 kV/cm in the lower-right panel, we find peaks
in the energy-level occupations at resonance, which are broad-
ened by the finite carrier lifetime as well as the optical power
of the SP field. Moreover, jumps in the energy-level occu-
pations can be seen at resonance due to Rabi splitting of the
energy levels in the dressed electron states. The effect of res-
onant phonon absorption also plays a significant role in the
finite value of n2,e with energy-level separations ε2,e − ε1,e
approximately equals to the optical phonon energy. However,
as Esp decreases to 25 kV/cm in the lower-left panel, peaks in
the energy-level occupations are greatly sharpened and nega-
tively shifted due to the suppression of the broadening from
the optical power and the excitonic effect, respectively. Ad-
ditionally, jumps in the energy-level occupations become in-
visible because the Rabi-split energy gap in this case is much
smaller than the energy-level broadening from the finite life-
time of electrons (i.e. severely damped Rabi oscillations be-
tween the first electron and hole levels).
V. EFFECT OF EXTERNAL PARAMETERS
The conductance of a single molecule is affected signif-
icantly by several external parameters which may cause a
change in the local charge distribution, distortion in molec-
ular structure or the electronic states of the molecule produc-
ing difference in the molecular conductance. A few of these
external parameters are listed below.
A. Mechanical Force
The force applied in a molecular junction may distort the
molecular structure and hence change the electronic states of
the molecule producing a difference in the conductivity levels.
The effect is more pronounced for softer molecules like olig-
othiophenes, since the strong coupling between the electronic
states and the molecular structures causes a large change in
the conductance (41). Secondly, during the breakdown of the
molecular junctions the conductance traces although seemed
flat, careful examination shows a finite decrease (10-20% de-
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FIG. 6 Optical absorption coefficients β0(ωsp) (upper-left panel)
and scattering field |Etot − Esp| at the quantum dot (upper-right
panel), as well as the energy-level occupations for electrons n`,e and
holes nj,h (lower panels) with `, j = 1, 2, as functions of the fre-
quency detuning ∆~ωsp ≡ ~ωsp − (EG + ε1,e + ε1,h). Here, the
results for various amplitudes Esp of an SP field with frequency ωsp
are presented in the upper panels, along with a comparison of the
energy-level occupations for Esp = 25 and 125 kV/cm in the lower
panels. The label×0.1 in the upper-left panel indicates that the result
is multiplied by a factor of 0.1.
ing (41). Thirdly, a small molecule cannot be stretched with-
out tearing to that limit which a molecular junction can with-
stand (several angstroms).
B. Environment Effect
The molecular conductance is also a function of the local
environment, such as, metal ions, solvent molecules, and so-
lution pH . The presence of metal ions in solution produce
strong binding of the ions to the molecule inducing confor-
mational changes of the molecule and hence change in the
conductance of the molecule (2). Even the solution pH can
change the electronic states of a molecule resulting significant
decrease in the conductance of the molecule with increase in
solution pH (42).
C. Local-Heating (Joule) Effects
In ultra-small scale electronic devices, local heating effect
due to current flow and heat dissipation is a crucial factor.
Large current density in the junction can produce substantial
heat. During inelastic electron transport in nanoscale junc-
tion, although a small amount of electron energy contributes
to emission of phonons (43; 44), it may still induce appre-
ciable local heating effect (45). An increase in temperature
by ∼ 25K above room temperature was observed for oc-
tanedithiol at bias of 1V .
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D. Energy Level Alignment of Molecule
The alignment of the molecular energy levels, i.e., high-
est occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO), with the Fermi levels of
the metal contacts determine the conductance of a molecule.
A molecule exhibits very low conductance if it has a large
HOMO-LUMO gap (∼ 5 eV ) in the neutral state. Because,
in that case, the Fermi level of the electrode will most likely
be positioned within the gap and thee will not be any trans-
fer of electrons from the electrode to the molecule. On the
other hand, spontaneous oxidation/reduction of the molecules
and the easy transfer of electrons from one electrode to other
takes place if HOMO/LUMO level is aligned with the metal
Fermi level leading to high conductance. It is often very diffi-
cult to determine the interactions between the molecules and
the electrode, although, STM tunneling spectroscopy has been
used to study the electronic states of molecules absorbed on
the surfaces to resolve different molecular energy levels and
their relative positions to the Au Fermi level (46; 47). The
electrochemical gate control of the conductance of several sin-
gle redox molecules has also been observed (48; 49).
E. Mechanically Controllable Break Junction (MCBJ)
As shown in Figure 7, the distance between two atomi-
cally sharp metallic nanocontacts is easily adjusted by me-
chanically breaking a metal wire. The electrical conductance
of self-assembled molecular (SAM) monolayers bridging the
junction (50; 51) is measured by bringing the tips close to each
other with a voltage bias between them while slowly breading
the contacts. The molecular conductance varies as a result of
variation of the electrode gap due to the bending of a common
bendable substrate mounting the two wire ends, and the junc-
tion becomes insensitive to the external vibrations. A stressed
or deformed junction results in different configurations and
hence different electronic properties of the molecular species.
Due to the high stability of MCBJ, the same junction can be
investigated repeatedly to obtain a large amount of informa-
tion on a molecule with the systematic variation of control pa-
rameters such as temperature and magnetic field. Although
both electrodes are made of the same metal, and one can-
not assume these are truly symmetric junctions. The reason
for that is because of dimensional control at the atomic level.
Random variation is geometrical structural shapes is the ob-
vious drawback of existing techniques. Also, the differences
in the sharpness of the broken tips may cause large variation
in the electric filed around the broken ends of the wires as
well as heat may be generated from the undesirable motion
of the mechanical drive used in this technique. The MCBJ
technique is not found to be suitable for the measurement on
highly integrated molecular electronic devices. However, the
lithographically patterned MCBJs have been very useful for
the investigation of molecular conductance of such systems
and do not require ultra-high vacuum and highly cleaned con-
ducting substrates.
Figure 5. Schematics of MCBJ. The molecular monolayer is connected with 
the two Au electrodes via a chemical bond through thiol end groups. 
FIG. 7 (Color online) Schematics of MCBJ. The molecular mono-
layer is connected with the two Au electrodes via a chemical bond
through thiol end groups.
VI. PREPARATION OF SELF-ASSEMBLED MONOLAYERS
(SAM)
For fabrication of molecular junction, the break junction is
submerged in the solution of the molecule with desired con-
centration for an extended amount of time; and the molecules
are then self-assembled onto both of the metallic tips because
of functionalization of the molecules at both ends binding
with the metal. The residual molecules which are not in-
volved in chemical bonds with the tips may be washed away
with distilled water. The nanolayers of organic molecules are
uniformly chemisorbed over the metal contacts though slow
evaporation of solvents. The presence of deformities in the
layer, such as separation of molecules due to excessive tilt or
holes in the layer, may cause undesirable electrical short be-
tween the electrodes. Alkanethiols on atomically cleaned and
polished gold substrate was commonly used as SAM (52; 53)
because of easy formation of stable monolayers as well as hav-
ing varieties of potential applications such as sensors, corro-
sion inhibition, wetting control and molecular electronic de-
vices (54; 55). The nanogap formed as a result of breaking in
an MCBJ, is spanned by one or few molecules during SAM
preparation, thus allowing one to measure single molecular
conductance. Schematic representation of a self-assembled
monolayer on Au substrate is shown in the inset of Figure
8(a).
Typical current-voltage (I-V ) characteristics of the SAM
layer on gold (Au) substrate of a dithiol NOPE molecule com-
prised of the same NO2 functionalized OPE oligo (phenylene-
ethynylene) NOPE molecules are shown in Figure 8(a) at
three different temperatures of 100K, 200K and 300K. The
molecule showed stable and reproducible I-V characteristics
allowing multiple scans. The differential conductance of the
molecule, calculated from the I-V curves with a resistance of
2.1/1MΩ being measured at 300K for the voltage scan of
±1V through 0V , was found to be asymmetric and is shown
in Figure 8(b). This observation may be attributed to uneven
strength in electrically coupling between the metal tips (56).
It is clear from the figure that the high conductance region
moves to higher voltage when the temperature is decreased.
This implies that a thermal mechanism may be responsible
for the sudden increase in current (57).
1, 4 Benzene-dithiol (BDT) SAM in gold break junc-
tion (51) displayed nearly symmetric differential conductance
a limited asymmetry at room temperature for relatively high
bias within the bias range ±4V . Theoretical studies of
the BDT/Au break-junction have yielded almost similar re-
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Figure 6. (a) I-V characteristics of dithiol NOPE molecule measured in the 
break junction set-up at different temperatures. Inset: schematic 
representation of a self-assembled monolayer on Au substrate. (b) 
Differential conductance of the same molecule calculated from data (a).  
FIG. 8 (Color online) (a) I-V characteristics of dithiol NOPE
molecule measured in the break junction set-up at different tempera-
tures. Inset: schematic representation of a self-assembled monolayer
on Au substrate. (b) Differential conductance of the same molecule
calculated from data (a).
sults (58; 59) with symmetric conductance curves. Signif-
icant enhancement in differential conductance of the junc-
tion was found to increase strongly from low to high volt-
age regimes. This behavior was ascribed to the fact that the
Fermi level of Au contacts fall within the HOMO-LUMO gap
of the molecule at low bias. However, transport through res-
onant states of the molecular hybridized with the metal tips
increased conductance at higher biases. However, experimen-
tally measured current values disagree with that of theoretical
calculation (58; 59).
The conductance of quantum point contact (a single metal
atom or a row of atoms of the same metal as of the elec-
trodes) (60; 61) is usually expressed in units of G0 = 2e2/h
(e = electronic charge, h = Planck constant) as at higher
biases, a measure of the transmission of electrons through
the point contact. The contact size of the order of electron
Fermi wavelength for electrons in Au is only a few Å (for
Au, G0 = 77.4µS), the appearance of conductance quan-
tization (62) indicates the formation of an atomic-scale con-
tact between the tip and the substrate with lowest step corre-
sponds to a single molecule bridging the two electrodes. In
an earlier experiment based on MCBJ at low temperatures,
the conductance is found to be quantized in units of G0 as
a function of contact elongation (elongation speed being in
the range of 1-10 pm/s) for four different materials (Al, Au,
Pb and Nb) (63). The average conductance as a measure by
MCBJ method for 1, 4 benzene-dithiol (BDT) molecule was
0.0099G0 in case of dithiol NOPE molecule. A summary
of the present study including the chemical structures of the
molecule is presented in Table 1.
VII. MOLECULAR IMAGING METHODS
A. Scanning Probe Microscope (SPM)
Since the scanning tip remain at a distance from the surface
under investigation, no chemical bond is formed between the
tip and the surface giving rise to a strongly asymmetric con-
figuration of the electrochemical potentials of the system. The
technique has often been used to directly visualize electro-
chemical processes in-situ at the molecular levels for organic
monolayers (64; 65). In order to determine single molecular
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conductance by SPM technique, the molecule is covalently
bonded to the two probing electrodes and the measurement is
performed under ultra-clean and ultra-high vacuum environ-
ment.
B. Scanning Tunneling Microscope (STM)
STM provides a three-dimensional profile of the investigat-
ing surface for quantitative determination of surface rough-
ness, surface defects, the size and conformation of molecules
and molecular aggregates with atomic precision or even in
subatomic resolution (66). When a sharp tip of an atomic di-
mension in practice is brought sufficiently close to a substrate
adsorbing the molecule, a strong interaction is established be-
tween the electron clouds of the surface and tip atoms pro-
motes tunnelling of electrons under a small bias. The expo-
nential variation of current with tip-sample distance leads to
mapping the surface image sample with an atomic resolution
when scanned over the two-dimensional surface. The basic
set up a STM is shown in Figure 9(a) with two piezo-electric
scanners to control the position of the tip over the surface. The
constant density of states contours is mapped in constant cur-
rent mode, by adjusting the tip-sample distance with the use of
a feedback loop. Alternatively, the vertical position of the tip
(z-coordinate) can be held constant to record tunnelling cur-
rent for mapping the actual density of states. The typical ar-
rangements of the Si atoms can clearly be seen from the ultra-
high vacuum STM image of a Si (111) 7×7 reconstructed sur-
face in Figure 9(b). In this method, the tip-molecule contact
is often less well defined than the molecule-substrate contact
preventing one from determining the absolute conductance of
the molecule. Figure 9(c) illustrates an alternative method
in which the molecule is adsorbed onto one end of the sub-
strate and an organic surfactant coated Au nanoparticles are
covalently bonded to its other end (67). Electron tunnelling
from tip to the substrate exhibits the Coulomb blockade ef-
fect due to the presence of the nanoparticles as Coulomb is-
lands (45). Measured I-V curves are interpreted in terms of
the Coulomb blockade model to determine the conductance
of the molecule (68; 69).
This method has been successfully exploited for the charac-
terization of organic monolayers, polypeptides, biomolecules
like DNA, biological tissues and metallic-protein. There have
been several reports of STM imaging of DNA molecules em-
bedded in metal films (70), protein characterization by electro-
chemical techniques (71), studying and investigations of elec-
tron transfer in metallic-proteins (72; 73). The conductivity
measurement of DNA by STM has been employed to examine
the electrical behaviour of DNA as insulators (74), conduc-
tors (75), semiconductors (76) and superconductor (77). Ad-
ditionally, the study of electron transport through DNA (78),
DNA array detection may be accomplished using site specific
nanoparticles probes (79), self-assembly of two-dimensional
DNA crystal (? ), controlled manipulation of atoms on given
surfaces for application as electronic ink (64) and the possi-
bility of designing the catalysis process at the single molecule
level and control of the constituents at the molecular lev-
Figure 7. (a) Schematic of STM arrangement with a sharp tip mounted on 3 
piezo crystals. X- and y-piezo allow the tip to scan the 2-dimensional surface 
in xy plane while z piezo controls the tip-sample separation. (b) STM image 
of a Si (111) 7×7 surface. Scan area of the image is 15×15 µm2. (c) STM 
measurement of molecular conductance. One end of the molecule/SAM is 
attached to the substrate and the other end is bounded to a Au nanoparticle 
(Au NP).  
FIG. 9 (Color online) (a) Schematic of STM arrangement with a
sharp tip mounted on 3 piezo crystals. x- and y-piezo allow the tip to
scan the two-dimensional surfac n xy lane while z-piezo controls
the tip-sample separation. (b) STM image of a Si (111) 7×7 surface.
Scan area of the image is 15 × 15µm2. (c) STM measurement of
molecular conductance. One end of the molecule/SAM is attached to
the substrate and the other end is bounded to a Au nanoparticle (Au
NP).
Figure 8. (a) Schematic representation of AFM set up. (b) Tapping mode AFM 
image of a 2 nm pentacene film grown over a polymer coated glass 
substrate.  
FIG. 10 (Color online) (a) Schematic representation of AFM set up.
(b) Tapping mode AFM image of a 2nm pentacene film grown over
a polymer coated glass substrate.
els (81). These include non-linear current-voltage character-
istics with NDR behaviour on redox-active molecular mono-
layers (82) and study of field effects on electron transport in
molecules (83). Spectra of a single molecule namely inelastic
Electron Tunneling Spectroscopy (IETS) has also be investi-
gated with a cryogenic STM (84).
C. Atomic Force Microscope (AFM)
A schematic of the AFM set-up is shown in Figure 10(a).
The laser light reflected from the back of the cantilever enters
a photodiode/photodetector device. AFM is generally used in
tapping mode with the cantilever vibrating above the sample
surface and the tip in intermittent contact with the surface.
Figure 10(b) shows the tapping mode AFM image of vac-
uum deposited pentacene film (2nm) on poly (4-vinyl phe-
nol) (PVP) coated glass substrate. The individual grains of
pentacene molecules are seen. Contact mode AFM, where the
tip is in contact with the surface continuously, is only used for
specific applications, such as force curve measurements. The
movement of the tip governed by the tip-surface interactions is
measured by detecting the position of a reflected laser beam,
focussed onto the back of the cantilever.
AFM can be used to measure different mechanical proper-
ties including adhesion strength and magnetic forces and with
a conducting tip used in either contact or non-contact mode
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of operation (85; 86). This technique offers typically a lower
resolution than STM. However, the capability of imaging both
conducting and non-conducting surfaces in sub-nanometre
level without the need for any additional sample preparation
has made AFM more powerful tool than STM for in-situ mea-
surements and real time imaging of biological and chemical
processes (87; 88).
D. Conducting Atomic Force Microscope (C-AFM)
In this mode, a platinum or platinum/iridium coated AFM
tip is employed for contact to the molecular monolayer with a
view to measuring in-situ the current-voltage characteristics.
Topographic images may also be recorded using the Pico scan
controller in another channel. An external bias to the tip is
applied to induce an attractive electrostatic force in addition
to the adhesion force, controlling the pressure with which the
conductive probe pushes into the sample surface. However,
accurate measurement of the molecular conductance requires
the pressure to be maintained constant [79]. The bimolecu-
lar interaction and bond strength have been measured (89) by
recording the force by the biomolecule-functionalized AFM
tip when brought in contact with another biological surface,
via, protein, cell, tissue. Force-distance curves have been
used for multiparametric imaging of native proteins and pro-
tein complexes in the native unperturbed state and to simul-
taneous mapping their biophysical and biochemical proper-
ties at atomic resolution (90). The variation in tip pressures
may modify the overlapping of electronic wave functions and
hence the injection barrier, affecting charge carriers injec-
tion from electrode to the molecule and a dramatic change
in the conductive properties of the sample. Carbon nanotube
(CNT) AFM probes are found to be more durable and offer
the improved spatial and lateral resolution of the imaging (91).
These probes have been used to extract structural information
of tissues (92), multiplexed detection of polymorphic sites and
detection of haplotypes in DNA fragments and positions of the
tagged sequences (? ). C-AFM has been used to record Con-
ductance switching behaviour and data storage ability of small
molecules have been studied using the C-AFM technique (94).
VIII. NANOPORES
A nanopore is basically a tiny hole of molecular dimension
between two metal electrodes providing stable and well de-
fined contacts to the molecular monolayer. A nanopore junc-
tion is fabricated by growing a low conductivity silicon ni-
tride (SiN) film is on a Si wafer. Selected areas of the wafer
are then etched away so as to leave free standing SiN films.
A pore having diameter ∼ 10-50nm is then etched through
these films (Figure 11). Thin gold film (Au) is evaporated on
the bottom of the wafer over which the SAM of molecule of
interest is assembled from the other side of the membrane.
A top metal contact is then deposited onto the monolayer to
record the I-V characteristics of the sandwich device (95).
Figure 9.  Schematics of nanopore in both (a) side view and (b) top view. 
FIG. 11 (Color online) Schematics of nanopore in both (a) side view
and (b) top view.
The solid-state nanopore proves to be a versatile single-
molecule tool for biophysics and biotechnology applica-
tions (96). Ion currents and forces are monitored in nanopore
based sensors involving DNA (97), RNA (98; 99) and pro-
teins (100; 101) molecular resolution. Nanopore junction with
thioacetatebiphenyl SAM exhibited diode like characteris-
tics (95), while NDR and non-volatile memory switching was
observed in nitro-amino benzenethiolate SAM (102).
IX. MERCURY (HG) DROP METHOD
For ultra-thin organic film or organic monolayer, the depo-
sition of a top electrode by thermal evaporation may lead to
penetration of highly energetic metallic particles through the
film and damage it. Hence, for electrical characterization of
SAM of alkanethiol and other molecules Hg-drop method was
developed (103). The SAM was either sandwiched between
two mercury drops (104) or assembled on a solid substrate,
in which case an Hg drop is used as the top electrode (105).
Figure 12(a) shows the schematic representation of a sim-
ple experimental arrangement where the Hg drop was used
as the top electrode. Annealed films were kept in a vacuum
chamber (10−3 Torr) at room temperature with the film fac-
ing downward. A syringe with a mercury (Hg) drop on its tip
was raised from outside the chamber slowly by a micrometre
screw till the blob just touched the film. The diameter of the
blob was below 0.5mm. The contact between the film and the
blob was monitored through a microscope. The bias was ap-
plied with respect to the Hg electrode and I-V characteristics
were recorded in voltage loops. We have electrically char-
acterized monolayer of a typical D-A system, namely CuPc-
fullerenol layer-by-layer electrostatically self-assembled film
on Si substrate with Hg blob as the top electrode. Seven con-
secutive loops are shown in the Figure 12(b). The monolayer
was initially in the low-conducting off-state which switched to
the high conducting on-state at reverse bias. At any voltage,
the current remains at least four orders in magnitude higher
as compared to that in the initial scan. The higher level of
current is retained even when the bias is scanned in subse-
quent loops. The switching phenomenon in the monolayer of
CuPc:fullerenol is also irreversible in nature making it suitable
for WORM memory applications (10). The method is advan-
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Figure 10. (a) A schematic diagram of the Hg-blob set up for monolayer 
characterization. (b) I-V characteristics of CuPc:fellerenol monolayer on Si 
with Hg blob as the top electrode under multiple voltage loops. First loop is 
shown with filled symbol and the subsequent loops are shown with open 
symbols. Arrows indicate the direction of voltage sweep.  
FIG. 12 (Color online) (a) A schematic diagram of the Hg-blob
set up for monolayer characterization. (b) I-V characteristics of
CuPc:fellerenol monolayer on Si with Hg blob as the top electrode
under multiple voltage loops. First loop is shown with filled sym-
bol and the subsequent loops are shown with open symbols. Arrows
indicate the direction of voltage sweep.
tageous because of its simple design and quick two terminal
characterization of SAMs. However, the Hg contacts area is
quite large making it difficult to probe single molecular con-
ductance.
X. SUMMARY
The conductance of a single molecule as the conductance
depends not only on the intrinsic properties of the molecule,
but also on the probing electrodes, electrode-molecule interac-
tion, and its local environment. For unambiguous determina-
tion of the molecular conductance, it is essential to fabricate a
molecular junction with well-defined contacts at the atomic
scale and to carry out the measurement in controlled envi-
ronment. Despite the challenges, tremendous developments
have been made in fabricating different break junction, SPM
techniques and nanopore methods. Although, the contact ge-
ometries in break junction methods are only little known with
insufficient atomic scale structural information, a large num-
ber of molecular junctions with different contact geometries
can be created allowing one to determine average molecular
conductance from the statistical analysis. STM has been effi-
ciently used to create a well-defined metal-molecule-molecule
junction with more limited contact areas and to measure the
conductance of single molecule. In addition to the single
molecule conductance spectra, STM and AFM imaging of
single molecule or molecular assemblies and manipulation of
atoms by STM have proved SPM a powerful and versatile tool
to probe molecules in atomic and even subatomic resolution.
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nelling spectrosopy study of DNA conductivity”, 2008, Cent.
Eur. J. Phys. 6, 422-426.
[79] Taton, T. A., Mirkin, C. A., Letsinger, R. L.: “Scanometric
DNA array detection with nanoparticle probes”, 2000, Sci.
289, 1757-1760.
[80] Winfree, E., Liu, F., Wenzler, L. A., Seeman, N. C.: “Design
and self-assembly of two-dimensional DNA crystals”, 1998,
Nat. 394, 539-544.
[81] Lauritsen, J. V., Besenbacher, F:. “Model catalyst surfaces in-
vestigated by scanning tunnelling microscopy”, 2006, Adv.
Catal. 50, 97-147.
[82] Wassel, R. A., Credo, G. M., Fuierer, R. R., Feldheim, D. L.,
Gorman, C. B.: “Attenuating negative differential resistance
in an electroactive self-assembled monolayer-based junction”,
2004, J. Am. Chem. Soc. 126, 295-300.
[83] Piva, P. G., DiLabio, G. A., Pitters, J. L. et al.: “Field reg-
ulation of single-molecule conductivity by a charged surface
atom”, 2005, Nat. 435, 658-661.
[84] Reed, M. A.: “Inelastic electron tunneling spectroscopy”,
2008, Mater. Today 11, 4650.
[85] Xu, B. Q., Xiao, X. Y., Tao, N. J.: “Measurement of single
molecule electromechanical properties”, 2003, J. Am. Chem.
Soc. 125, 16164-16165.
[86] Xu, B., Li, X., Xiao, X., Sakaguchi, H., Tao, N.: “Electrome-
chanical and conductance switching properties of single olig-
othiophene molecules”, 2005, Nano Lett. 5, 1491-1495.
[87] Leatherman, G., Durantini, E. N., Gust, D. et al.: “Carotene
as a molecular wire: conducting atomic force microscopy”,
1999, J. Phys. Chem. B 103, 4006-4010.
[88] Wold, D. J., Frisbie, C. D.: “Formation of metalmoleculemetal
tunnel junctions: microcontacts to Alkanethiol monolayers
with a conducting AFM tip”, 2000, J. Am. Chem. Soc. 122,
2970-2971.
[89] Willemsen, O. H., Snel, M. M., Cambi, A., Greve, J., De
Grooth, B. G., Figdor, C. G.: “Biomolecular interactions mea-
sured by atomic force microscopy”, 2000, Biophys J. 79,
3267-3281.
[90] Pfreundschuh, M., Martin, D. M., Mulvihill, E., Wegmann,
S., Muller, D. J.: “Multiparametric high-resolution imaging
of native proteins by force-distance curvebased AFM”, 2014,
Nat. Protocols 9, 1113-1130.
[91] Hohmura, K. I., Itokazu, Y., Yoshimura, S. H. et al.: “Atomic
force microscopy with carbon nanotube probe resolves the
subunit organization of protein complexes”, 2000, J. Electr.
Microsc. 49, 415-421.
[92] Wooley, A. T., Cheung, C. L., Hafner, J. H., Lieber, C.
M.: “Structural biology with carbon nanotube AFM probes”,
2000, Chem. Biology 7, R193-R204.
[93] Woolley, A. T., Guillemette, C., Cheung, C. L., Housman,
D. E., Lieber, C. M.: “Direct haplotyping of kilobase-size
DNA using carbon nanotube probes”, 2000, Nat. Biotechnol.
18 760-763.
[94] Ouyang, J., Chu, C.-W., Szmanda, C., Ma, L., Yang, Y.: “Pro-
grammable polymer thin film and nonvolatile memory de-
vice”, 2004, Nat. Mater. 3, 918-922.
[95] Zhou, C., Deshpande, M. R., Reed, M. A., Jones II, L., Tour,
J. M.: “Nanoscale metal/self-assembled monolayer/metal het-
erostructures”, 1997, Appl. Phys. Lett. 71, 611-613.
[96] Dekker, C.: “Solid-state nanopores” 2007, Nat. Nanotech. 2,
209-215.
[97] Clarke, J., Wu, H. C., Jayasinghe, L., Patel, A., Reid, S., Bay-
ley H.: “Continuous base identification for single-molecule
nanopore DNA sequencing”, 2009, Nat. Nanotech. 4, 265-
270.
[98] Wanunu, M., Dadosh, T., Ray, V., Jin, J., McReynolds, L.,
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